Background/Aims: Immunological mechanisms can be triggered as a response to central nervous system insults and can lead to seizures. In this study an investigation was made to determine if glatiramer acetate (GA), an immunomodulator currently used in the treatment of multiple sclerosis, could protect rats from pilocarpine-induced seizures and chronic epilepsy. Methods: Two groups of adult male Sprague-Dawley rats, experimental (GA) and control, were used in the study. The systemic IL-1α and IL-1β levels at baseline were checked as well as status epilepticus (SE), and the spontaneous recurrent seizure (SRS) stage by enzymelinked immunosorbent assay. The GA group was given GA (150 μg/kg, ip) and the control group was given a saline injection prior to pilocarpine-induced seizures. Seizure susceptibility, severity and mortality were evaluated, using Racine seizure classification and hippocampal damage was evaluated by Nissl staining. The GA group received GA (150 μg/kg/day, ip) daily after SE, and the chronic spontaneous seizures were evaluated by long-term video recording, and mossy fiber sprouting was evaluated by Timm staining. The IL-1α and IL-1β levels were correlated with seizure activities. The TNF-α level in the hippocampus was determined at the SRS stage by immunohistochemistry. The effect of GA on ionic currents and action potentials (APs) in NG108-15 differentiated neurons was investigated using patch-clamp technology. Results: It was found that latency to severe seizures was significantly longer in the GA (p < 0.01) group, which also had SE of shorter duration and less frequent SRS (p < 0.01). GA attenuated acute hippocampal neuron loss and chronic mossy fiber sprouting in the CA3 and the SRS-reduction correlated with the reduction of IL-1α, but not with IL-1β or TNF-α levels. Mechanistically, GA reduced the peak amplitude of voltage-gated Na + current (I Na ), with a negative shift in the inactivation curve of I Na and reduced the amplitude of APs along with 
Introduction
Epilepsy is a chronic neurological disorder that affects approximately 1% of the population globally. Although great advances have been made in the development of new antiepileptic drugs (AED)s, one-third of patients remain refractory to existing AED treatment [1] . The current AEDs, although they have anticonvulsant properties, generally lack definite disease-modifying and anti-epileptogenic properties [2] . Therefore, despite the beneficial effect of the currently available AEDs, there is still a need for novel drugs with antiepileptogenic properties.
It is known that both innate and adaptive immunity can be triggered in response to central nervous system (CNS) insults and lead to seizures [3] . Both brain inflammatory activation and blood-brain barrier dysfunction could initiate seizures [4] . Studies have also reported reactive gliosis in pilocarpine-induced epilepsy [5, 6] and increased expression of mRNA for interleukin IL-1β, IL-6, iNOS and tumor necrosis factor (TNF)-α after seizures [7] . The chronic inflammation-related glial scar, generally regarded as epileptogenic, is involved in axonal sprouting and abnormal neuronal excitability [6] .
Among the interleukin-1 superfamily, IL-1α and IL-1β possess strongly proinflammatory effects. They have a natural antagonist, IL-1 receptor antagonist (IL-1Ra). IL-1Ra regulates IL-1α and IL-1β proinflammatory activity by competing with them for binding sites of the receptor [8] . IL-1β has been shown to reduce GABA-mediated inhibition [9] and to facilitate NMDA-receptor mediated calcium influx [10] . Studies have also shown that intrahippocampal injection of IL-1β can prolong the duration of kainic acid induced seizures in adult animals [11] .
Glatiramer acetate (GA), comprised of four amino acids, L-glutamic acid, L-alanine, L-lysine and L-tyrosine [12] , approved by the FDA for the treatment of relapsing remitting multiple sclerosis (RRMS), is the first drug ever to show clear therapeutic efficacy in multiple sclerosis. It is also the first therapeutic agent to have a copolymer as its active ingredient [13] . GA has anti-inflammatory effects as well as being neuroprotective within the CNS, and has pleiotropic effects on the immune system [14] . In addition to multiple sclerosis, GA has been shown to be of benefit in different experimental diseases models such as amyotrophic lateral sclerosis [15] and Alzheimer's disease [16] .
Although most of the mechanism(s) underlying GA-induced neuroprotection have been attributed to T cells, some evidence suggests GA has T-cell independent effects on targets including antigen-presenting cells, B cells and the IL-1 system [17, 18] . Studies have shown that GA increases the blood level of IL-1Ra [19] , both in RRMS patients and in experimental autoimmune encephalomyelitis mice. However, how GA affects these inflammatory cytokines and how IL-1α and IL-1β, correlate with seizure activities remains mostly unknown.
Molecular studies of epileptogenesis and epilepsy have demonstrated that specific ion channels are important players in both genetic and acquired forms of epilepsy [20] [21] [22] , especially the voltage-gated sodium channels [23] . The ionic mechanism underlying bursting neuronal behavior are not fully clarified, but sodium channels have been found to be significantly involved [22, 24] . Different types of sodium channels expressed in both glutamatergic and GABAergic cell types might play unequal roles in excitability, enhancing of synaptic potentials, generation of subthreshold oscillations, facilitation of repetitive firing, and prolongation of depolarized potentials [23, 25] .
Given the current understanding of neuroinflammation in animal models of epilepsy and GA's clinical potential and pharmacological properties, the aim of this study was the potential of GA for the treatment of both acute and chronic epileptic seizures as well as epileptogenesis. Added to this was the characterization of the neuroprotective spectrum of 
Enzyme-linked immunosorbent assay
The quantitative sandwich enzyme immunoassay technique was used for the determination of the blood level of IL-1α and IL-1β. The microplates used were precoated with a monoclonal antibody specific for IL-1α and IL-1β. Standards and samples were pipetted into the wells and any IL-1α and IL-1β present was bound by the immobilized antibody. After washing, an enzyme-linked polyclonal antibody specific for IL-1α and IL-1β was added to the wells. After washing, a substrate solution was added and color was developed in proportion to the amount of IL-1α and IL-1β bound in the initial step.
Lithium-pilocarpine seizure modeling
The behavioral characteristics of the rats during seizures were similar to those in earlier studies [26, 27, 30, 31] . Within 5 minutes of the pilocarpine injection, the rats developed piloerection and other signs of cholinergic stimulation. Over the following 15 to 20 minutes, mouth and facial movements were exhibited, as well as head bobbing and nodding, scratching, masticatory automatism, and exploratory behavior (stages 1-2). Episodes of head and bilateral forelimb myoclonic movements (stage 3) started at around 20 to 25 minutes and progressed to status epilepticus (stages 4-5) with rearing and falling at about 50 minutes after the pilocarpine injection. For classification of the seizure as "severe", we used the criteria as stage 3 and above seizures in Racine seizure classification [26-28, 30, 32] .
SE was characterized by sustained clonic seizure activity accompanied by episodes of rearing and falling. Seizure parameters, including latency to the first seizure, and the duration of the severe seizures which occurred were recorded and evaluated. The rats were monitored for 24 hours following status epilepticus, and supportive care was implemented, including body temperature maintenance, feeding, and adequate hydration. Status epilepticus-related mortality was calculated during the first 24 hours after seizures.
Histopathology
Cresyl violet staining. The rats in both groups were anesthetized with pentothal (60 mg/kg, ip) 24 hours after status epilepticus and the brains were removed and stored at -80°C. Coronal sections (20 mm thick) of the entire hippocampus were fixed in formaldehyde for cresyl violet staining, as previously described [33] . The stained sections were examined for gross indications of damage to the hippocampus.
The cells were counted in Nissl-stained sections (10 mm thick) and the severity of neuronal damage in different subfields of the hippocampus were scored semi-quantitatively as follows: score 0 = no damage; 1 = less than 10%; 2 = between 11 and 50% neuronal loss; and 3 = greater than or equal to 50% neuronal loss [26, 34] . Counts were done at ×400 using a computerized image analysis system (Image Plus 2.0; Motic, Richmond, Canada), and the hippocampal subfields were defined by an imaginary line connecting the tips of the granule cell layer blades, which separated the cornu ammonis (CA)3c (medially) from CA3b (laterally), and CA2 from CA1 [33] . The delineated counting area was 200 mm × 150 mm situated over the region of interest. Values from different groups were obtained blindly and averaged in each group.
Timm staining. The rats were deeply anesthetized with pentobarbital and then transcardially perfused with 0.58% sodium sulfide followed by 4% paraformaldehyde. The brains were post-fixed in paraformaldehyde for 24 hours and then placed in a 30% sucrose solution until they sank to the bottom of the vessel. Coronal sections (20 μm thick) through the entire hippocampus were cut on a freezing microtome. Every sixth section was stained with Timm's stain [35] . In brief, the sections were developed in the dark for 10 to 45 minutes in a 200-ml solution containing 5.1 gm of citric acid, 4.7 gm of sodium citrate, 3.47 gm of hydroquinone, 212.25 mg of AgNO 3 , and 120 ml of 50% gum Arabic. The staining was assessed from the septal area to the temporal hippocampus (the region between 2.8 and 3.8 mm posterior to the bregma). A semi-quantitative scale was used to evaluate the degree of axonal sprouting in the prefrontal cortex [33] . The score criteria were 0: no granules; 1: occasional discrete granule bundles; 2: occasional-to-moderate granules; 3: prominent granules; 4: a prominent near continuous granule band; and 5: a continuous or nearly continuous dense granule band.
Immunohistochemistry for TNF-α
This was performed 14 days after status epilepticus. Rats were anesthesized and perfused with phosphate-buffered saline (PBS, PH 7.4) containing 4% paraformaldehyde. After post-fixing in 4% paraformaldehyde overnight, the brains were dehydrated by 30% (w/v) sucrose in PBS at 4°C for 2 days, and Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry then sectioned coronally (20 microm thickness) in the hippocampus. Slides were infused with 0.3% H2O2 in methanol for 30 minutes to inhibit the endogeneous peroxidase activity, and followed by incubation with blocking solutions contained 2% normal goat serum and 0.3% triton. The sections were incubated in PBS containing the specific anti-TNF -α antibody (1:200, Abcam) at 4°C overnight. After washing with PBS, the sections were incubated with the secondary antibody, biotin-labeled anti-rabbit IgG antibody in PBS for one hour. The sections were further incubated with a mixture of avidin and horseradish peroxidase-conjugated biotin for one hour, and visualized by using diaminobenzidine as a substrate. Sections were examined by light microscope (Nikon E400) and the image captured with a video camera coupled to a desktop computer. The quantitative analysis of TNF-α expression was performed. The intergrated optical density (IOD) of TNF-α signals were analyzed at x400 microscopic magnification per visual field (one visual field = 0.096 mm2) by ImagePro Plus 6.0 software. The visual fields within a cross-sectional area in the hippocampus were analyzed and averaged.
NG108-15 cell line preparation and differentiation
The NG108-15 cell line is widely used as a neuron model in electrophysiology and pharmacology studies [36] [37] [38] . This cell line has been reported to express Kv3.1 mRNAs and to exhibit the activity of delayed rectifier K + (K DR ) channels and there will be an increase in the expression levels of Na v 1.7 in NG108-15 cells when neuronal differentiation is induced by pretreatment with a cyclic AMP analog [39] .
The clonal strain NG108-15 cell line, formed by Sendai virus-induced fusion of the mouse neuroblastoma clone N18TG-2 and the rat glioma clone Cg BV-1, was originally obtained from the European Collection of Cell Cultures (ECACC-88112302; Wiltshire, UK). NG108-15 cells were kept as monolayer cultures at a density of 10 6 /ml in plastic dishes containing Dulbecco's modified Eagle's medium (Life Technologies; Grand Island, NY, USA) supplemented with 100μM hypoxanthine, 1μM aminopterin, 16 μM thymidine, and 5% fetal bovine serum, in a humidified incubator equilibrated with 90% air/10% CO 2 at 37°C. The experiments were generally performed after 5 days of subculture (60-80%).
To induce neuronal differentiation, the culture medium was replaced with one containing 1 mM dibutyryl cyclic-AMP after which cells were incubated at 37°C for 1-7 days. NG108-15 cells proliferated well in this medium, but would stop proliferation and show the growth of neurites in response to dibutyryl cyclic-AMP [39] . The numbers of neurites and varicosities were found to be significantly increased in NG108-15 cells treated with 1 mM dibutyryl cyclic AMP. After differentiation, Na V 1.7, as a voltage-gated sodium channel with a critical role in the generation and conduction of action potentials, showed significantly higher expression levels [39] .
Patch clamp technology: Electrophysiological measurements
Cells were dissociated and an aliquot of cell suspension was transferred to a recording chamber mounted on the stage of an inverted DM-IL microscope (Leica Microsystems, Wetzlar, Germany) for the experiments. NG108-15 neurons were bathed at room temperature (20-25°C) in normal Tyrode's solution containing 1.8 mM CaCl 2 . Patch pipettes were pulled from Kimax-51 glass capillaries (Kimble; Vineland, NJ) on a PP-830 puller (Narishige, Tokyo, Japan) and fire-polished on an MF-83 microforge (Narishige). The resistances of the pipettes when filled with the internal solution were between 3 and 5 MW. Ion currents were measured with glass pipettes in whole-cell configuration of the patch-clamp technique using an RK-400 (Biologic, Claix, France) or an Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA) [38, 40] . All potentials were corrected for liquid junction potential.
The concentration-response data for inhibition of I Na seen in differentiated NG108-15 cells were fitted to the Hill equation:
where [C] is the GA concentration, IC 50 and n H are the concentration required for a 50% inhibition and the Hill coefficient, respectively, and E max is the maximal inhibition of I Na induced by GA.
Statistical analyses
Data from seizure testing, behavioural and pathological score: continuous variables were assessed using the t-test, or ANOVA, followed by Fisher's Least Significant Difference tests. ANOVA was used where sessions or quadrants were treated as a within-subject factor and groups as a between-subject factor. Analyses were done using Chi-square and Yates Chi-square tests and/or Fisher exact probability for nominal variables.
Results

GA delayed the onset of seizures, attenuated severe seizures, and also reduced status epilepticus-related mortality.
Although acute administration of GA did not significantly prolong the latency to first seizures (control: 350 ± 50 sec versus GA: 550 ± 60 sec) ( Fig. 2A) , it delayed the onset of severe seizures and attenuated them. Fig. 2B shows that the latency to severe seizures was significantly longer in the GA group than in the control group (stage 3 and above; control: 669.8 ± 64 sec versus GA: 1172.5 ± 115 sec; unpaired t-test, p < 0.01). Furthermore, the duration of severe seizures in the GA group was much shorter (control: 385 ± 90 sec versus GA: 49 ± 8 sec; p < 0.01) (Fig. 2C) . Status epilepticus-related mortality was also much lower in the GA group which had far fewer deaths than the control group (control 9/16 versus GA 2/16, Chi Square test with Fisher exact probability, p < 0.01) (Fig. 2 D) . 
GA attenuated post-status epilepticus acute neuronal damage
Twenty-four hours after status epilepticus, cresyl violet staining showed that the control group had significant neuron loss in the hippocampal CA3 but not CA1, compared with the GA group (Fig. 3) . The difference in cell counts in the CA3 area between the two groups was significant (p < 0.05, Fig. 3A) . A blind semi-quantitative analysis also showed that the control group had significant hippocampal neuron damage compared with the GA group in CA3 (Control: 2.5 ± 0.4 vs GA: 2.2 ± 0.4, p < 0.05, Fig. 3A) . However, there was no significant difference between the control and the GA group in CA1 (Control: 1.9 ± 0.5 vs GA: 1.9 ± 0.5, p > 0.1) (Fig. 3B) .
GA attenuated spontaneous recurring seizures and chronic excitotoxicity
The rate of spontaneous recurring seizures, was significantly lower in the GA group compared to the control group (Fig. 4A) . The average seizure count was 7 ± 4 in the control group and 3 ± 2 in the GA group (p < 0.05). Chronic excitotoxicity in the control group, as evaluated by Timm's staining, showed significantly more mossy fiber sprouting and a higher Timm's score than the GA group in the CA3 (Control: 4 ± 0.4 vs GA: 3.2 ± 0.3, p < 0.05) (Fig. 4B ). There was no significant difference between the control and the GA group in CA1 (Control: 3.6 ± 0.3 vs GA: 3.5 ± 0.3, p > 0.1) (Fig. 4C) . Fig. 3 . GA attenuated post-status epilepticus acute neuronal damage in hippocampal CA3 region. Photomicrographs of cresyl-stained coronal sections of the hippocampal CA3 from the control and GA groups (A). Hippocampal CA3 neuronal loss was more severe than in the control group. A blind semi-quantitative analysis of neuronal damage showed a significant difference between the two groups (n=7 in each group, p<0.05). Photomicrographs of cresyl-stained coronal sections of the hippocampal CA1 from the control and GA groups (B). Hippocampal CA1 neuronal loss was similar in the control and the GA group. A blind semiquantitative analysis of neuronal damage did not show a significant difference between the two groups (n=7 in each group, p<0.05). The scale bar represents 100 μM.
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The effect of GA on IL-1α and IL-1β
There were similar levels of IL-1α in both the control and GA group at the baseline and the post-status epilepticus acute stage (Control-1 vs GA-1: 430 ± 125.3 vs 328.2 ± 38.2, p > 0.1; Control-2 vs GA-2: 473.1 ± 49.3 vs 475.6 ± 94.6, p > 0.1). However, the IL-1α level in the GA group was significantly lower than that in the control group, at the post-status epilepticus chronic stage (Control-3 vs GA-3: 1456.3 ± 101.3 vs 569.4 ± 82.8, p < 0.01) (Fig. 5A) . Notably, the IL-1β level was similar between the GA and the control group at the baseline, post-status epilepticus acute and chronic stages (Control-1 vs GA-1: 1275.7 ± 172.5 vs 1324.8 ± 334.3; Control-2 vs GA-2: 1169.8 ± 157.5 vs 1229.6 ± 208.5; Control-3 vs GA-3: 1560.2 ± 343.6 vs 1589.0 ± 150.5, all p > 0.1) (Fig. 5B) .
The lack of effect of GA on TNF-α at the post-status epilepticus chronic stage To further characterize the role of inflammation in the epileptogenesis, TNF-α level, specifically in the hippocampous at the post-status epilepticus stage was investigated. We found similar TNF-α level (IOD ratio) in the GA and the control groups (at CA1, control vs GA: 169934.8 ± 11913.1 vs 168539 ± 10021.2, p> 0.1; at CA3, 169697.4 ± 67671.5 vs 145339 ± 31740.3, p> 0.1; at dentate gyrus: 139873.1 ± 32946.4 vs 121069 ± 13242.7, p> 0.1) (Fig. 5  C) . 
The control group showed significantly more mossy fiber sprouting and a higher Timm's score than the GA group in the CA3 (B) but not CA1 region (C) (p<0.05).
A
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Effect of GA on voltagegated Na + current (I Na ) in differentiated NG108-15 neurons
To characterize the ionic effect of GA, its effect on I Na in differentiated NG108-15 neurons in response to depolarizing pulses was investigated. As can be seen in Fig. 6A , there was a significant reduction in the I Na peak, which was reduced from 1453 ± 103 to 1133 ± 98 pA (n=9), in the presence of GA at a concentration of 10 nM. After washout of the GA, current amplitude was partially returned to the control level. Moreover, when cells were held at -80 mV and depolarizing pulses of -20 mV with a duration of 60 msec were applied, GA (10 nM) produced no significant change in the kinetics of activation or inactivation of I Na in these neurons (control: τ act =2.3 ± 0.1 msec, τ inact(f) =4.1 ± 0.3 msec, τ inact(s) =18.2 ± 0.7 msec [n=7]; GA: τ act =2.3 ± 0.1 msec, τ inact(f) =4.2 ± 0.2 msec, τ inact(s) =18.3 ± 0.6 msec [n=7]) ( Fig. 6A and B) . The overall I-V relationship of peak I Na also remained unaltered in the presence of GA (Fig. 6C) .
These experiments allowed a relationship between the GA concentration and the percentage inhibition of I Na to be determined. Each cell was depolarized from -80 to -20 mV with a duration of 60 msec and the peak amplitude of I Na was measured in the presence of different concentrations of GA. As shown in Fig. 7 , GA (1-300 nM) suppressed the peak amplitude of I Na in a concentration-dependent manner. The IC 50 value for GA-induced inhibition of I Na Fig. 5 . The effect of GA on systemic IL-1α and IL-1β and hippocampal TNF-α. There were similar levels of IL-1α in both the control and GA groups at the baseline (Control-1 and GA-1) and at the post-status epilepticus acute stage (Control-2 and GA-2). However, the IL-1α level at the GA group was significantly lower than that of the control group, at the post-status epilepticus chronic stage (Control-3 and GA-3) (p<0.01) (Fig. 5A) . Similar IL-1β levels in both the GA and the control group were seen at the baseline, post-status epilepticus acute and chronic stages (all p > 0.1) (Fig. 5B) . TNF-α level, specifically in the hippocampous at the post-status epilepticus chronic stage was similar in both the GA and the control group (at the CA1, CA3 and dentate gyrus) (Fig. 5. C 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry was calculated to be 13 nM. GA at a concentration of 300 nM almost completely suppressed the peak amplitude of I Na . These results clearly showed that GA had a significant depressant action on the I Na functionally expressed in differentiated NG108-15 cells.
Effect of GA on steady-state inactivation of I Na
To characterize the stimulatory effects of GA on I Na , the voltage-dependence of GA on I Na was investigated. Fig. 8 shows the steady-state inactivation curve of I Na in the absence and presence of GA (10 nM). A two-step voltage pulse protocol was applied. In these experiments, a 20 msec conditioning pulse to various membrane potentials preceded the test pulse (50 msec duration) to -20 mV from a holding potential of -80 mV. The interval between the two sets of voltage pulses was 30 sec to allow complete recovery of I Na . The relationship between the membrane potential and the normalized amplitude of I Na with or without the presence of GA (10 nM) were plotted and fitted to a Boltzmann function using nonlinear regression analysis:
where I max represents the maximal activated I Na , V is the membrane potential in mV, a is the membrane potential for half-maximal inactivation, and b is the slope factor of the inactivation curve. In the control, a = -49.5 ± 1.2 mV, b = 7.0 ± 0.4 mV (n=6), whereas in the presence of GA (10 nM), a = -60.1 ± 1.2 mV, b = 6.9 ± 0.3 mV (n=6). It is clear from these results that GA not only decreased the maximal conductance of I Na , but also shifted the inactivation curve of this current to a hyperpolarized potential by approximately 10 mV. However, no significant change in the slope (ie b value) of the inactivation curve during cell exposure to GA was found. 
A lack of GA effect on delayed rectifier K + current (I K(DR) )
Further investigation was done to see if GA had any effect on I K(DR) . In these experiments, cells were bathed in Ca
2+
-free Tyrode's solution and the pipette was filled with a K + -containing solution, and I K(DR) was elicited in response to different levels of depolarizing pulse. As can be seen in Fig. 9 , unlike I Na , the I K(DR) was not sensitive to blocking by GA (30 nM). Similarly, GA (10 nM) had minimal effect on erg-mediated K + current in NG108-15 cells (data not shown).
Effect of GA on spontaneous action potentials
Another set of experiments was conducted to determine if GA exerted an effect on the spontaneous firing of APs in the cells. Current clamp conditions were established and the recording pipette was filled with K + -containing solution. As can be seen in Fig. 10 , when the cells were exposed to GA (10 and 30 nM), both amplitude and frequency of spontaneous APs were progressively reduced. However, no apparent change in the resting membrane potential was seen in the presence of GA. The effect of GA on spontaneous APs can be explained primarily as a blocking of I Na .
Discussion
GA prolonged the latency to seizures and attenuated the seizure severity. That acute seizures and status epilepticus could be attenuated by GA, as well as the lack of correlation of severe seizures with IL-1α and IL-1β, suggested that GA could exert an acute effect that also seemed to be faster than typical anti-inflammatory action. The acute effect on seizures and status epilepticus, could possibly be related to sodium channel modulation. In contrast, the attenuation of chronic SRS and excitotoxicity, as well as the correlation between IL-1α 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry and chronic SRS, supports the hypothesis that GA affects sodium channel modulation and inflammation and has potential for the modification of epileptogenesis, as evidenced in our study.
The administration of GA before status epilepticus aims to evaluate the acute effect, which would relatively more relate to acute sodium channel-attenuation effect, instead of a chronic epileptogenesis-ameliorating effect. The regular daily administration of GA following status epilpeticus aimed to evaluate the effect of GA on epileptogenesis and chronic spontaneous recurrent seizures. Therefore, in our study, combining the effect of GA administered before and after status epilepticus, we know the overall attenuation of acute and chronic seizures were at least partially, related to both sodium channel attenuation and anti-inflammation.
Recent studies have shown that GA affects the IL-1 system [41] . In vitro experiments with T-cell contact-activated monocytes, a model relevant to chronic inflammation, showed that GA strongly reduced expression of IL-1β while enhancing the expression of sIL-1Ra. This is in contrast to the effects on monocytes subjected to acute inflammatory conditions (stimulation with LPS), where the presence of GA increased production of both sIL-1Ra and IL-1β. It seems fair to conclude that the effects on the IL-1 system in chronic inflammatory conditions contribute to the therapeutic effects of GA in RRMS [41] . The existence of the different effects of GA between acute and chronic inflammatory states are also supported by our study. 
Cellular Physiology and Biochemistry IL-1α differs markedly from IL-1β not only in primary structure, but in the importance of its pro-segment. As a prototypical pro-inflammatory cytokine [42] , IL-1α appears to have bioactivity while in the form of an intact pro-cytokine. IL-1β but not IL-1α, is involved in T-cell-dependent antibody production [43] . The use of IL-1α as a potential biomarker in epileptogenesis or epileptic seizures remains to be clarified by further investigation.
It has been reported TNF-α level was elevated in the acute stage following kainic acid injection [44] and TNF-α activated astrocytes can mediate astrocytic Ca 2+ -dependent glutamate release and contribute to excitotoxicity [45] . Interestingly, the similar TNF-α levels in the hippocampus of GA and control groups suggest the TNF-α is not a major role in the anti-epileptogenic effect of GA in the lithium-pilocarpine epilepsy modeling. The differential effect between TNF-α and IL-1α in the role of epileptogenesis is worth further investigation.
GA can activate the non-selective cation current in which TRPA1 is predominantly encoded in Jurkat T lymphocytes. A current study [46] demonstrated that TPRA1-/-CD4+ T cells have increased T-cell receptor-induced Ca 2+ influx, activation profile and subsequent differentiation into Th1-effector cells. The study suggests a protective role of TRPA1 in T-cellmediated colitis as well as activation by GA of a non-selective cation current in lymphocytes that could contribute to a decrease in IL-α production.
In some progressive neurological disorders, and under certain conditions, a GA neuroprotective response is seen before an adaptive immune response [47] . This again suggests that GA induced neuroprotection may be partly T cell independent. In primary human neurons intoxicated with staurosporine or reactive oxygen species, the direct effect of GA on neurons has been reported [48] . This T cell-independent neuroprotection is mediated by protein kinase C-α and brain derived neurotrophic factor. Additionally, treatment was neuroprotective following optic nerve crush injury in athymic nude rats, further supporting a T cell-independent mechanism for GA action [49] .
Voltage-gated sodium channels that play a major role in controlling neuronal excitability, have also demonstrated their importance during epileptogenesis [50, 51] . In our study, the sodium channels in the differentiated NG108-15 cells are mainly due to Nav1.7 expression [39] . Other studies have provided evidence of a role of SCN9A which encodes Nav1.7 in human epilepsies [52] , including febrile seizures plus and Dravet syndrome [53] .
Mechanistically, GA reduced I Na without altering I-V relationship in the differentiated NG 108-15 cells. It suppressed the peak amplitude of I Na in a concentration-dependent manner, with an IC 50 value of 13 nM and shifted the inactivation curve of I Na to a hyperpolarized potential by approximately 10 mV. Nevertheless, GA had minimal effect on both the I K(DR) and erg-mediated K + current in these cells. When cells were exposed to GA, both amplitude and frequency of spontaneous APs were progressively reduced. Our study clearly shows that GA can modulate neuronal excitability, at least partially, through effects on neuronal sodium channels.
The I Na is thought to contain a "window" component that results from the overlap of its voltage-dependent activation and inactivation characteristics [54] , ie, window I Na . This window current is comparable with the persistent I Na in both peak amplitude and activation threshold. The steady-state inactivation curve of I Na was shifted to a hyperpolarized potential in the presence of GA. Therefore, GA is likely to interact with the inactivated state of the Na V channels. Our study clearly showed that intracellular dialysis with 100 nM GA did not affect the peak amplitude of I Na , this may have been because GA induced inhibition of I Na had been taking place at a site accessible from the extracellular side of the channel. Whether the GA actions on Na V channels involve a concerted constriction of the outer part of the channel pore remains to be elucidated. Note that GA not only decreased the amplitude of I Na , but it also produced an approximately 10-mV left shift in the inactivation curve of this current. However, the slope factor of the I Na inactivation curve remained unaltered in the presence of GA. These results indicate that GA can shift the inactivation curve of I Na in NG108-15 neurons, leading to a reduction of window I Na .
An earlier study showed the ability of GA to induce sIL-1Ra expression via the activation of PI3K, AKt, MEK1/2, and ERK1/2 [55] . However, PD-98059 (10 mM) was not found to Cellular Physiology and Biochemistry
have an effect on GA-induced inhibition of I Na in NG108-15 cells. Therefore, it seems likely that this inhibition of I Na is not associated with activation of MEK/ERK pathways. Potassium channels, especially I K(DR) , widely expressed in the brain and spinal cord, are critical in the regulation of neuronal excitability, axonal conduction, and neurotransmitter release [56, 57] . Furthermore, two-pore domain potassium channel TASK1 (KCNK3) has been reported to be an important modulator in autoimmune CNS inflammation, such as multiple sclerosis. Nevertheless, our study did not demonstrate the direct involvement of GA in voltage-gated potassium currents. It has been reported that GA could effectively attenuate allodynia and hyperalgesic responses in models of inflammatory pain, possibly through mechanisms involving the modulation of chemokine CX3CL1 4 [58] . In addition, it has been found that both sodium channels and transient receptor potential vanilloid receptor 1 (TRPV1) channels are involved in pain transmission mediated by nociceptive DRG neurons and the hyperalgesia related to upregulation of expression of TRPV1 and Nav1.8 channels. Some isoforms of the voltage-gated sodium channel alpha-subunit are implicated in inflammatory pain states, and they are expressed by somatosensory primary afferent neurons but not by skeletal or cardiovascular muscle [59] .
Earlier reports have demonstrated the important differences between CA1 and CA3 hippocampal cells, including the more homogeneous group of cells in CA3 than the CA1 pyramidal cell population, and the difference in neuronal excitability, especially the calcium dependent potentials in the CA1 and CA3 hippocampal cells [60, 61] , as well as the subtle changes in the slow afterhyperpolarization (AHP) in CA1 but a marked reduction in spike frequency adaptation accompanied by a significant reduction in AHP in CA3 in an epilepsy model [62] . Our study also suggested the differential excitability profile between CA1 and CA3. The relatively more prominent excitotoxicity ameliorating effect of GA in CA3 than CA1 seems to be a unique effect of GA. Whether this difference is specifically related to GA's specific mechanisms warrants further investigation.
The incidence of seizure disorders in multiple sclerosis has been reported to exceed the incidence in the general population. Several studies have reported seizures occurring at the onset of multiple sclerosis [63] . The increased risk of seizures may reflect the effects of inflammation and provides a theoretical basis for the application of GA in the treatment of seizure disorders.
An earlier study reported that GA treatment leads to sustained expression of neurotrophins, especially the the brain-derived neurotrophic factor (BDNF). The BDNF elevation could be seen in both GA-induced T cells and CNS resident cells, including neurons and astrocytes, which suggests the effect of GA on neuroprotection and regeneration, in addition to anti-inflammation [64] . In addition, it has been reported that hippocampal fibroblast growth factor-2 and BDNF overexpression could reduce neuronal loss, attenuate epileptogenesis-associated neuroinflammation and reduce spontaneous recurrent seizures [65] . These findings support our results in the current study. Interestingly, the expression of IL-1 beta was almost completely prevented after local supplementation of FGF-2 and BDNF in the rat hippocampus after pilocarpine-induced status epilepticus [65] .
Recent studies have shown the mammalian target of rapamycin (mTOR) pathway has emerged as a key player for proper neural network development, and it is involved in epileptogenesis triggered by both genetic or acquired factors. Interestingly, everolimus, as an immune-suppressor, inhibits mTOR signaling by reducing the phosphorylation of downstream mTOR effectos, has shown potential anti-epileptogenic activities [66] [67] [68] . Whether the potential effect of GA on epileptogenesis is involved in mTOR inhibition is worth clinical investigation.
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